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ABSTRACT
We explore the population of mass-transferring binaries ejected from globular clusters (GCs) with both black hole
(BH) and neutron star (NS) accretors. We use a set of 137 fully evolved globular cluster models which span a large
range in cluster properties and, overall, match very well the properties of old GCs observed in the Milky Way. We
identify all binaries ejected from our set of models that eventually undergo mass-transfer. These binaries are ejected
from their host clusters over a wide range of ejection times and include white dwarf, giant, and main sequence donors.
We calculate the orbits of these ejected systems in the Galactic potential to determine their present-day positions
in the Galaxy and compare to the distribution of observed low-mass X-ray binaries (XRBs) in the Milky Way. We
estimate ∼ 300 mass-transferring NS binaries and ∼ 180 mass-transferring BH binaries may currently be present in
the Milky Way that originated from within GCs. Of these, we estimate, based on mass-transfer rates and duty cycles
at the present time, at most a few would be observable as BH–XRBs and NS–XRBs at the present day. Based on our
results, XRBs that originated from GCs are unlikely to contribute significantly to the total population of low-mass
XRBs in the Galactic field.
Keywords: X-rays: binaries-globular clusters: general–stars: black holes-stars: neutron–stars: kine-
matics and dynamics–methods: numerical
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21. INTRODUCTION
Low-mass X-ray binaries (LMXBs) are binary systems
in which a neutron star (NS) or black hole (BH) ac-
cretes matter from a low-mass (. 1.5M) companion
star. Several hundreds of LMXBs have been observed
in our galaxy (e.g., Liu et al. 2007; Corral-Santana et
al. 2016; Jonker & Nelemans 2004).
Many of these LMXBs are found within globular clus-
ters (GCs). Prior to 2007, all XRBs discovered in GCs
had NS accretors. Recently, mass-transferring BH bi-
nary candidates have been discovered in both extra-
galactic (e.g., Maccarone et al. 2007; Irwin et al. 2010)
and Galactic (e.g., Strader et al. 2012; Chomiuk et al.
2013; Miller-Jones et al. 2014) GCs.
Over the course of the evolution of a GC, stars will
be ejected as the result of natal kicks associated with
supernovae (SNe), tidal stripping from the host galaxy,
and dynamical encounters. If binary systems contain-
ing a BH/NS and a luminous companion are ejected
from GCs through these channels, GCs may contribute
to the population of XRBs found in the halo of their
host galaxy (e.g., Giesler et al. 2017).
The formation mechanism for LMXBs in GCs can be
dramatically different relative to that in the galactic
field; inside GCs, most LMXBs are dynamically assem-
bled (e.g., Ivanova et al. 2010; Naoz et al. 2016; Kremer
et al. 2018), in contrast, the field population is created
from primordial binaries.
Dynamical interactions are likely less important for
NS–XRBs relative to BH–XRBs. It is expected that
NSs receive larger kicks at birth, relative to BHs, and
as a result, a higher fraction of NSs are ejected from
their host cluster before dynamical interactions can take
place. However, several previous studies (e.g., Clark
1975; Bailyn 1995; Heinke 2010) have noted that there
is an overabundance of NS–XRBs observed in GCs rel-
ative to the Galactic field, suggesting that dynamical
processes may nonetheless play an important role in the
formation and evolution of those NS binaries that were
not ejected from the GCs via natal kicks.
In this analysis, we explore the properties of all mass-
transferring binaries with BH and NS accretors ejected
from GCs. We use a set of 137 fully-evolved GC models,
produced using our CMC cluster dynamics code. In Sec-
tion 2, we discuss the methods used to calculate the evo-
lution of GCs as well as the evolution of binary systems
after they are ejected from their host cluster. We also
discuss the various ways these systems can be ejected
from their host cluster. In Section 3 we discuss the total
numbers of BH and NS binaries ejected from our GC
models which will eventually become mass-transferring
systems, and discuss the various features of these sys-
tems. In Section 4, we introduce a method to calculate
the orbital evolution of all ejected systems within the
Galactic potential in order to determine the present-day
z-distribution of these systems within the Galactic halo,
and compare to the z-distribution of observed XRBs
in the Milky Way (MW). In Section 5, we discuss our
method for calculating the X-ray luminosities and duty
cycles of these mass-transferring systems and determine
which of these systems may actually be observable as X-
ray sources at the present-day. We conclude in Section
6.
2. METHOD
2.1. Modeling globular cluster evolution
We use our He´non-style Monte Carlo cluster dynamics
code, CMC, to model massive star clusters (e.g., Joshi et
al. 2000, 2001; Fregeau et al. 2003; Fregeau & Rasio
2007; Chatterjee et al. 2010, 2013; Umbreit et al. 2012;
Pattabiraman et al. 2013; Morscher et al. 2013, 2015;
Rodriguez et al. 2016b).
CMC incorporates all relevant physical processes for
studying the formation and evolution of binary sys-
tems containing BHs and NSs including two-body relax-
ation, binary-mediated gravitational scattering encoun-
ters (modeled explicitly using the Fewbody small-N in-
tegrator; Fregeau et al. 2004), and single and binary
stellar evolution (implemented using the SSE and BSE
software packages; Hurley et al. 2000, 2002; Chatterjee
et al. 2010; Kiel & Hurley 2009).
We use 137 independent GC models, which are listed
in Table 3 in the Appendix. Several different initial clus-
ter properties are varied, including the initial number of
cluster objects (N), the initial galactocentric distance
(rG), the King concentration parameter (wo), the over-
all primordial binary fraction (fb), the initial metallicity
(Z), and the initial virial radius (rv). The initial values
of these parameters for each model are shown in columns
2–7, respectively, of Table 3.
All core-collapsed NSs receive birth kicks drawn from
a Maxwellian distribution with σ = σNS = 265 km s
−1
(Hobbs et al. 2005). In the case of NSs formed through
accretion-induced collapse of a white dwarf, birth kicks
are drawn from a Maxwellian distribution with σAIC =
20 km s−1
One major uncertainty is related to the natal kicks
BHs receive which lacks strong observational or theo-
retical constraints. Hence, we remain agnostic to the
“right” prescription for BH natal kicks and instead use
four different prescriptions to calculate magnitudes for
natal kicks imparted to BHs. In the first prescription,
we assume BHs are formed with significant fallback and
calculate the natal kicks by sampling from the same kick
distribution as the NSs, but reduced in magnitude ac-
cording to the fractional mass of the fallback material
(e.g., Fryer & Kalogera 2001; Belczynski et al. 2002;
Morscher et al. 2015). Models using this prescription
are marked “y” in column 9 of Table 3 (marked FB) de-
noting that fallback is turned on. In the other three vari-
ations, we neglect fallback and simply use σBH = σNS,
σBH = 0.1σNS, and σBH = 0.01σNS. Models using these
prescriptions are marked “n” in column 9 of Table 3 and
3the ratio of σBH to σNS for each model is given in column
8 of Table 3.
The initial stellar masses (primary masses for primor-
dial binaries) are sampled from the initial mass function
(IMF) given in Kroupa (2001). The IMF range is cho-
sen as either 0.1–100 M or 0.08–150 M (listed in col-
umn 13 of Table 3). An appropriate number of stars are
then randomly chosen based on the adopted fb and N
for each model. For binary systems, secondary masses
are assigned based on a flat distribution in mass ratios
(q ≡ ms/mp, where ms and mp denote the secondary
and primary masses, respectively). The initial orbital
periods (P ) of binaries are drawn from a distribution of
the form dn/d logP ∝ Pα and the initial eccentricities
are thermal.
In some models, we specifically vary the initial binary
fraction, fb,high, for high-mass stars (> 15 M) indepen-
dent of the overall binary fraction. In these models, we
also vary the range in q and the initial period distri-
bution for the high-mass stars motivated by the obser-
vational constraints from Sana et al. (2012). Columns
10–12 of Table 3 show the initial binary fraction, mass
ratio range, and period distribution for high mass stars
for each model.
To calculate the common envelope (CE) evolution for
binary systems, all our models use the αλ-CE prescrip-
tion detailed in Hurley et al. (2002) with λ calculated us-
ing a fitting formula similar to that described in Claeys
et al. (2014).
To treat mass-loss due to stellar winds, we use two pre-
scriptions: In the first prescription, we use the method
described in Hurley et al. (2000), as implemented in
SSE and BSE. We label this wind implementation as the
“strong wind” prescription, and mark such models with
an “S” in column 14 of Table 3. In the second prescrip-
tion, we used the method detailed in Belczynski et al.
(2010b) which reflects the recent observations of high-
mass stars that suggest winds may not be as strong as
suggested by earlier studies (e.g., Vink et al. 2001; Vink
2008; Belczynski et al. 2010a,b; Dominik et al. 2012;
Spera et al. 2015). We label this wind implementation
as the “weak wind” prescription, and mark such models
with a “W” in column 14 of Table 3.
For each of these 137 models, we identify all compact
object binaries ejected from each cluster with luminous
companions and determine whether each binary will ever
undergo mass-transfer by evolving it forward as an iso-
lated system. We follow the binary evolution of each
ejected binary after ejection using the same version of
BSE used in CMC. Additionally, we calculate the orbit of
each ejected binary in the Galactic potential after ejec-
tion, discussed further in Section 4.
2.2. Ejection Mechanisms
Over the course of a GC’s evolution, cluster objects
can be ejected from the cluster through a variety of
mechanisms. Of particular relevance to the BH and NS
binaries considered here are ejection through dynamical
encounters with other objects in the cluster and ejec-
tion from kicks imparted to the compact object during
collapse of the compact object’s progenitor.
2.2.1. Non-dynamical ejections
It is expected that upon formation, all NSs and some
BHs receive kicks assumed to be generated by the asym-
metric ejection of mass during the collapse of the com-
pact object’s progenitor.
NSs are expected to form through two distinct chan-
nels: the standard core-collapse (CC) SN channel re-
sulting from the evolution of a high-mass star and the
accretion-induced collapse (AIC) channel which results
when a white dwarf (WD) reaches the Chandrasekhar
limit through mass-transfer from a binary companion
and implodes via AIC to form a NS (e.g., Nomoto et al.
1979; Taam & van den Heuvel 1986; Canal et al. 1990;
Tauris et al. 2013; Ruiter et al. 2018).
The formation of a NS through AIC is just one pos-
sible scenario that may result when an accreting WD
reaches the Chandrasekhar limit. Such an event may
also result in a Type Ia SN, which would leave behind
no remnant. Here, we use the treatment implemented in
BSE to determine the outcome of accretion onto a WD.
This treatment is described in detail in Section 2.6 of
Hurley et al. (2002).
Measurements of pulsar proper motions (e.g., Lyne &
Lorimer 1994; Hansen & Phinney 1997; Hobbs et al.
2005) and studies of NS–XRBs (e.g., Johnston et al.
1992; Fryer & Kalogera 1997; Pfahl et al. 2002) suggest
that, upon formation, NSs acquire kicks which may be
either low or high velocity, depending upon the forma-
tion channel associated with the NS. High velocity kicks
(often referred to as natal kicks) are generally associated
with standard CC SN scenario while low velocity kicks
are expected to result from the AIC formation scenario.
2.2.2. Dynamical ejections
For BH and NS binaries which remain in their host
cluster after birth, strong or resonant dynamical encoun-
ters provide an additional mechanism to eject these bi-
naries from their clusters. BHs, being more massive than
the average cluster object, will rapidly mass-segregate
upon formation (e.g., Gu¨rkan et al. 2004). In the high-
density regions near the cluster center, BH binaries are
formed through three-body processes or binary–binary
exchange encounters. Dynamical interactions between a
compact binary and its surrounding components make
the binary’s orbit more compact (Heggie 1975; Good-
man & Hut 1993) and may provide significant kick ve-
locities to the binary upon the conclusion of the inter-
action. Ejection from the host cluster occurs when their
recoil velocity becomes greater than the escape velocity
of the cluster.
The formation and ejection of BH binaries within the
cores of GCs has been shown to be a key formation
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Figure 1. Cumulative distribution of time of ejection for all ejected NS–MTBs (top panels) and BH–MTBs (bottom panels).
The background gray histograms show the total number of systems. The different colors in the left-hand panels show the
contributions to the total of the various ejection mechanisms. Blue indicates systems ejected by dynamical interactions, black
marks systems ejected by CC SN, and red marks systems ejected by AIC. The different colors in the right-hand panels show
the contributions to the total of the various donor types. Here, blue indicates systems with a WD donor, orange indicates
systems with a MS donor, and red indicates systems with a giant donor. The circled numbers, 1–5, denote specific systems
whose evolution is illustrated in detail in Figure 2.
channel of BH–BH binaries that are gravitational wave
sources for detectors such as LIGO (Banerjee et al. 2010;
Ziosi et al. 2014; Rodriguez et al. 2015, 2016a; Chatter-
jee et al. 2017a,b). BHs will also dynamically mix with
non-BHs, potentially forming BH–non-BH binaries that
may eventually mass-transfer and be observed as X-ray
sources (e.g., Kremer et al. 2018) within their host clus-
ter. In a manner similar to the BH–BH binaries, these
BH–non-BH binaries can also be ejected from their host
clusters as the result of dynamical encounters.
The importance of dynamical interactions for NS bi-
naries isn’t as clear, as NSs do not mass-segregate as
rapidly as the more massive BHs. However, the ob-
served over abundance of NS–XRBs in GCs relative to
the number of these systems in the Galactic field sug-
gests that dynamical interactions may play a crucial role
in the formation of these systems within GCs, especially
for NSs receiving low natal kicks and in binaries (e.g.,
Clark 1975).
3. EJECTED MASS-TRANSFERRING BINARIES
We refer to all ejected BH and NS binaries that will
eventually mass transfer as BH–MTBs and NS–MTBs,
respectively. Ejected BH/NS binaries that are ejected
but never mass transfer are not considered in this anal-
ysis.
Figure 1 shows the cumulative distribution of all
ejected NS–MTBs (top two panels) and BH–MTBs (bot-
tom two panels) versus the time of ejection, from their
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Figure 2. Illustration of the evolution of five specific systems which characterize the different systems shown in Figure 1. Panel
1 shows the evolution of a BH–MS binary which is ejected through a CC SN. Panel 2 shows the evolution of a NS–MS binary
which is ejected through a dynamical interaction, in this case a binary–single scattering event. Panel 3 shows the evolution of
a BH–MS binary, also ejected through a binary–single scattering event. Panel 4 shows the evolution of a NS–WD binary which
is ejected by the CC SN associated with the formation of the NS. Finally, panel 5 illustrates the evolution of a NS–WD binary
which is ejected by AIC. The various star types and dynamical interaction types are denoted in the guide.
6host cluster. The background gray histograms show the
total number of NS–MTBs and BH–MTBs ejected. As
shown, a total of 288 NS–MTBs and 175 BH–MTBs are
ejected from all models by 12 Gyr.
As discussed in Section 2.2, BH–MTBs and NS–MTBs
can be ejected as the result of kicks imparted through
dynamical interactions, CC SN, and AIC. The left-hand
panels of Figure 1 show the contributions of these three
distinct mechanisms to the total population of ejected
MTBs. Black shows the systems ejected as the result
of CC SN, red shows systems ejected through AIC, and
blue shows systems ejected through dynamical encoun-
ters. As shown in the left-hand panels, NS–MTBs are
ejected primarily through non-dynamical mechanisms
(276 total from the CC SN and AIC channels versus
12 from dynamics channel) while BH–MTBs are ejected
primarily through dynamical encounters (161 from dy-
namics channel versus 14 from the CC SN channel).
This is to be expected for a variety of reasons. First,
NS natal kicks are expected to be higher than BH na-
tal kicks, leading to more frequent ejection of NSs from
their cluster upon formation relative to the BH popula-
tion. Second, BHs, being more massive than the typi-
cal object in a cluster, will rapidly mass-segregate upon
formation, forming a dense sub-cluster where dynamical
encounters with other objects become frequent. Eventu-
ally, these BHs are ejected from strong encounters with
other objects. The number of dynamical encounters ex-
perienced by both BH– and NS–MTBs is discussed fur-
ther in Section 3.3.
In a handful of cases for non-dynamical ejections, bi-
naries are not ejected from the cluster promptly after
receiving the natal kick. At the time of birth of the
BH/NS, the binary may still be bound albeit with large
apocenter distances in the cluster-centric orbit. These
binaries spend most of the remaining time without in-
teracting with anything else at the low density outer
regions of the cluster. Over time, as the cluster tidally
loses mass, and the tidal boundary shrinks, the binary
may be lost from the cluster. For example, as shown in
the top right panel of Figure 1, ∼ 20 binaries ejected
by a CC SN (black curve) are shown to have teject > 1
Gyr, long after the CC SN which created the NS, which
typically occurs in the first 10–100 Myr of evolution.
The right-hand panels of Figure 1 show the contribu-
tions of different donor types to the total numbers of
ejected BH– and NS–MTBs. The blue histograms show
systems with a WD donor, orange histograms show sys-
tems with a main sequence (MS) donor, and red his-
tograms show systems with giant donors. As shown by
the top-left panel, the majority of NS–MTBs have WD
donors (276 of 288 total systems), while 11 and 1 ejected
systems have MS and giant donors, respectively. MS
donors dominate over WD donors at early times (0− 50
Myr) simply because at these early times many WD pro-
genitors have yet to evolve off the main-sequence. Com-
parison of the top-left and top-right plots suggest that
these NS-MS binaries ejected at early times are simply
primordial binaries where the more massive component
collapses into a NS and the associated CC SN ejects this
newly formed NS–MS from the cluster.
As shown by the bottom-right panel of Figure 1,
nearly all BH–MTBs have MS donors, with the excep-
tion of one system, ejected at ' 6.5 Gyr, which has a
WD donor.
The circled numbers, 1–5, in Figure 1 each mark a
specific model system. The evolution of each of these
5 systems is illustrated in Figure 2. All five panels of
Figure 2 note the time of ejection from the host cluster
as well as the masses of the binary components at the
time of ejection.
3.1. Properties of BH–MTBs
Figure 3 shows the properties for all ejected BH–
MTBs at the time of ejection. The top panel shows
the distribution of BH masses, the middle panel shows
the distribution of donor masses, and the bottom panel
shows the distribution of orbital periods. As in Figure
1, the background gray histograms show the total val-
ues for all BH–MTBs, and the different colored plots
show the breakdown into various ejection channels (top
panel) and the various donor types (middle and bottom
panels).
As the top panel shows, unlike the BH–MTBs ejected
through dynamical interactions (blue), which span
the entire BH mass spectrum, the BH–MTBs ejected
through the core-collapse mechanism (black) are prefer-
entially lower mass. This is as expected. The fallback
prescription for BH natal kicks utilized within CMC sup-
plies fallback proportional to the mass of the BH’s pro-
genitor. The progenitors of the least massive BHs will
experience the least amount of fallback, and therefore
will receive preferentially higher natal kicks.
As the middle panel of Figure 3 shows, the compan-
ion masses of the ejected BH–MTBs at the time of ejec-
tion are low (. 1M), consistent with systems that
would be identified as LMXBs. The companion masses
shown here are also consistent with companion masses
predicted for BH–MTBs retained in their host cluster at
late times, as discussed in Kremer et al. (2018).
As the bottom panel of Figure 3 shows, the orbital
periods of the BH–MTBs at the time of ejection span
several orders of magnitude from several minutes up
to several days. Note that the Porb values shown here
are at the time of ejection, not at the time of mass-
transfer onset. Depending upon the value of Porb at the
time of ejection, these systems will take varying amounts
of time to inspiral to the onset of Roche-lobe overflow
(through tidal decay and/or GR effects). The time of
mass-transfer onset for all ejected MTBs is discussed
further in Section 5.1.
3.2. Properties of NS-MTBs
7Figure 3. Binary parameters at time of ejection for all BH–
MTBs ejected from our GC models. The top panel shows the
distribution of BH masses, the middle panel shows the dis-
tribution of donor masses, and the bottom panel shows the
distribution of orbital periods. The background gray his-
tograms show the total values for all BH–MTBs, and the
different colored plots show the breakdown into various ejec-
tion channels (top panel) and the various donor types (mid-
dle and bottom panels). The colors here are the same as in
Figure 1.
Figure 4 is analogous to Figure 3 but for all ejected
NS–MTBs.
As the shown in the top panel of Figure 4 shows, the
mass spectrum of NSs that are members of the ejected
NS–MTBs features a prominent peak at 1.24M as the
result of NSs ejected through the AIC channel. This
value corresponds to the fixed NS mass assigned in BSE
to all NSs formed through the AIC channel. The NS–
MTBs ejected through the CC SN and dynamics chan-
nels span a wider spectrum in neutron mass.
Unlike the BH–MTBs, which almost exclusively have
MS donors, NS–MTBs have significant numbers of both
Figure 4. Same as Figure 3 but for all NS–MTBs ejected
from our GC models.
MS and WD donors (plus one NS–MTB ejected with a
giant donor). As the middle panel of Figure 4 shows, the
majority of WD donor are very low mass (. 0.01M).
This is a direct result of the standard evolutionary path
through which these NS–WD binaries are formed. As
panel 5 of Figure 2 shows, NSs formed through AIC
must accrete matter from their companion star to be
pushed over the Chandrasekhar limit. In this manner,
the donor star can be depleted of a significant portion
of its mass, leaving behind an ultra-low mass WD.
As the orange plot of the middle panel of Figure 4
shows, MS donors typically have relatively higher mass
than the WD donors. This is because NS–MS binaries
are typically ejected as detached systems, in contrast
to the NS–WD binaries, many of which are ejected in
a mass-transferring configuration, as discussed in pre-
vious paragraph. The range in donor masses for the
NS–MTBs is also reflected in the wide range in Porb,
as shown in the bottom panel of Figure 4. NS–WD bi-
naries ejected in a mass-transferring configuration will
8Figure 5. CDF of the number of dynamical encounters ex-
perienced by the accretor of each MTB before ejection from
host cluster. The red plot shows the number of encounters
for NSs and black shows BHs.
have Porb . 1 hour, consistent with observed values of
such systems (e.g., in’t Zand et al. 2005, 2007). In con-
trast, the NS–MS binaries ejected as detached systems
with Porb values of d˜ays will start mass-transferring only
after the orbital separation of the now isolated ejected
system shrinks as the result of standard binary star evo-
lution, such as tidal interactions.
3.3. Dynamical Encounters
Figure 5 shows the cumulative distribution function
(CDF) of the number of dynamical encounters experi-
enced by the accretor of each ejected MTB prior to ejec-
tion. The red plot shows the distribution for NSs and
the black plot shows BHs. 73 of the 288 NSs experi-
ence at least one dynamical encounter before ejection.
The remaining 215 (approximately 75% of all ejected
NS–MTBs) are ejected at the time of birth before any
dynamical encounters. 173 of the 175 BHs experience at
least one dynamical encounter before ejection. The BHs
experience a median of 32 dynamical encounters before
ejection.
As expected, dynamical interactions play a more sig-
nificant role in the evolution and ejection of BH–MTBs
than for NS–MTBs. This is expected for two reasons:
First, unlike BHs, which are generally retained at birth,
many NSs are ejected at birth due to natal kicks be-
fore ever undergoing a dynamical encounter. Second,
even the NSs that are retained after birth (e.g., those
formed through the AIC channel which receive low ve-
locity kicks) do not reside in the densest part of the clus-
ter center, having been pushed out by the BHs. Thus,
the number of dynamical encounters these retained NSs
undergo, on average, is low, relative to their BH coun-
terparts.
Although the majority of our NS–MTBs experience no
dynamical encounters once formed, dynamical interac-
tions do play an important role in the formation of some
Figure 6. Distribution of the distance each ejected MTB
has traveled from its host cluster by present day. The top
panel shows the distribution for BH–MTBs and the bottom
panel, NS–MTBs.
of our model NS–MTBs. Of the 288 total NS–MTBs,
251 are primordial binaries, meaning the remaining 37
where formed as the result of dynamical interactions.
4. MODELING ORBITS OF EJECTED SYSTEMS
IN GALACTIC POTENTIAL
The calculations performed within CMC determine the
properties of each MTB at the time of ejection from
the host cluster. In order to determine the present-day
spatial distribution of these binaries within the Galactic
field, we must continue to model the orbits of these sys-
tems within the Galactic potential after they are ejected.
We use the GalPot code, which provides routines to
calculate orbits of objects in the Milky Way poten-
tial, using the potentials found in McMillan (2017) and
Dehnen & Binney (1998). GalPot takes as input the
initial velocity and position of an object and determines
the complete orbit over any specified duration in time.
In order to fully specify the initial position and veloc-
ity of each ejected MTB within the galaxy, we must first
select a position and velocity for each ejected MTB’s
host cluster at the time of ejection. We draw initial
cluster positions from the x, y, z positions of all observed
MW GCs given in Harris 1996 (2010 edition). Initial ve-
locities of each host cluster are then determined by sim-
ply assuming a circular Kepler orbit, v =
√
GMenc/r,
where Menc is the total mass enclosed within the galac-
tocentric radius (also drawn from observed values from
Harris 1996 (2010 edition)). Menc is found using the
Galactic mass densities specified in McMillan (2017).
This velocity is then broken down into its components,
by randomly selecting an initial θ˙ and φ˙ then converting
to cylindrical coordinates (R˙, z˙, and φ˙) using the same
θ and φ values used to determine the initial position.
9Figure 7. Black curves shows the number density of the z-position of all the 175 total model BH–MTBs (left panel) and the
288 total NS–MTBs (right panel) at the present day. Green curves show number densities of z-positions of all observed XRBs
from Corral-Santana et al. (2016) (BH–XRBs) and Jonker & Nelemans (2004) (NS–XRBs).
Note that, for simplicity, we assume all GC orbits are
circular (r˙ = 0).
Given initial values for R, z, φ, R˙, z˙, and φ˙ for the host
cluster of each ejected MTB, the position and velocity
of each host cluster can be determined for any later time
using GalPot. For each ejected MTB, we integrate its
host cluster forward in time until teject, the time that
the MTB is ejected, in order to determine R, z, φ, R˙, z˙,
and φ˙ of the host cluster at the time of ejection.
The magnitude of the velocity after ejection, veject,
and time of ejection, teject, for each ejected system is
determined by CMC. We randomly select an ejection angle
for each system (by assuming any direction is equally
probable) in order to determine the components of veject
in the cluster frame. We then combine these components
with R˙, z˙, and φ˙ for the host cluster at teject to determine
R˙MTB, z˙MTB, and φ˙MTB for each ejected MTB in the
galactocentric frame. The position of the ejected MTB
at teject is simply given by the position of the host cluster
at teject.
Given RMTB, zMTB, φMTB, R˙MTB, z˙MTB, and φ˙MTB
at teject, each ejected MTB can then be integrated for-
ward in time to the present day in order to determine its
current location. Additionally, each host cluster can also
be integrated forward to the present day to determine
the present-day distance each MTB is from its host clus-
ter. The time at present day is determined by the age
of each host cluster. In order to reflect the uncertainty
in GC ages, we consider here 7 equally probable cluster
ages in the range 9− 12 Gyr, spaced 0.5 Gyr apart.
This entire process (randomly selecting an initial posi-
tion and velocity for each MTB’s host cluster, integrat-
ing the host cluster forward to teject, randomly select-
ing an ejection angle for each ejected system, integrat-
ing the ejected system and host cluster forward in time
from teject to present day) is repeated 140 times for each
ejected MTB, in order generate a larger sample.
Figure 6 shows the distribution of the distance each
ejected MTB has traveled from its host cluster by the
present day. The top panel shows the distribution for
BH–MTBs and the bottom panel, NS–MTBs. As shown
in this figure, our model ejected systems have traveled
several kpc or more from their host cluster by the time
they would potentially be observed as X-ray binaries
(XRBs). This suggests it is unlikely any observed XRB
which originated from within a GC would be spatially
associated with its host cluster at the time of observa-
tion.
4.1. Comparison to spatial distribution of observed
LMXBs
Figure 7 shows the number densities (generated using
kernel density estimation) of present day z-positions of
our ejected MTBs compared to observed Galactic XRBs
with known z-positions. Black curves shows the num-
ber density of the z-position of all the 175 total model
BH–MTBs (left panel) and the 288 total NS–MTBs
(right panel) at the present day. Green curves show
number densities of observed XRBs with published z-
positions from Corral-Santana et al. (2016) (BH–XRBs)
and Jonker & Nelemans (2004) (NS–MTBs).
As shown in Figure 7, while the observed XRB sys-
tems are sharply peaked in the Galactic plane (z = 0),
the model systems are spherically distributed, reflecting
the observed distribution of GCs in the galaxy.
5. DETERMINING X-RAY OBSERVABILITY
As ejected MTBs are evolved as isolated binary sys-
tems following ejection from their host clusters, we con-
tinue to track all binary properties, including mass-
transfer rates as function of time. The mass-transfer
10
Figure 8. Duty cycles for all BH–MTBs (left-panel) and NS–MTBS (right panel) calculated as described in Section 5.
rate of each MTB at the time of observation, as well as
the type of donor, determine whether or not each system
could be observed as an X-ray source. We follow a sim-
ilar method to that of Fragos et al. (2008) to determine
the X-ray luminosities and duty cycles of the sources.
The ratio of a binary’s mass-transfer rate to the crit-
ical mass-transfer rate for irradiated accretion disks,
M˙crit, determines whether the system is observed as
a persistent source or a transient source. As in van
Haaften et al. (2015), we use the equation for M˙crit de-
rived by Dubus et al. (1999), in the form given by in’t
Zand et al. (2007):
M˙crit = 5.3× 10−11 f
(
MA
M
)0.3(
Porb
hr
)1.4
M yr−1
(1)
Here, MA is the accretor mass, Porb is the binary orbital
period, and f is a scale factor depending on the disk
composition. We use f = 1 for solar-composition disks
(MS donors) and f = 6 for helium disks (WD donors).
Binaries with mass-transfer rates higher than M˙crit
are expected to be persistent sources. For such systems
the X-ray luminosity is determined by
LX, persistent = ηbol 
GMAM˙D
RA
(2)
where RA is the accretor radius and M˙D is the mass-
transfer rate. As in Fragos et al. (2008), we use RA = 10
km for NS accretors and RA = 3Rs, where Rs is the
Schwarzschild radius (Rs = 2GMBH/c
2), for BH accre-
tors. ηbol is a factor that converts the bolometric lumi-
nosity to the X-ray luminosity in the Chandra energy
band (0.3 − 8 keV). As in Fragos et al. (2008), for ac-
creting BHs this conversion factor is estimated to be
ηbol = 0.8 (Miller et al. 2001) and for accreting NSs,
ηbol = 0.55 (Di Salvo et al. 2002; Maccarone & Coppi
2003; Portegies Zwart et al. 2004).  is the conversion
efficiency of gravitational binding energy to radiation.
For NS accretors (for which the mass-transfer stream
impacts the surface directly), we use  = 1.0 and for BH
accretors (for which the mass-transfer stream impacts
the disk), we use  = 0.5
Binaries with mass-transfer rates lower than M˙crit are
expected to be transient sources. A transient source
will alternate between periods of outburst (when they
are observable as X-ray sources) and quiescence (when
they are too faint to be detectable). The fraction of
time these transient systems spend in outburst defines
the duty cycle (DC):
DC =
Toutburst
Toutburst + Tquiescence
(3)
The details of the thermal disk instability model are
poorly understood. As noted in Fragos et al. (2008),
a simple, physically motivated treatment is to assume
that for transient sources in the quiescent state, matter
from the donor is accumulated in the disk and no matter
is accreted onto the accretor. In the outburst state all of
this matter is accreted onto the accretor, emptying the
disk. Taking into account, as in Fragos et al. (2008),
that the X-ray luminosity probably cannot exceed the
Eddington luminosity, LEdd, by more than a factor of 2
(see Taam et al. 1997), we can define the X-ray lumi-
nosity of transient systems during outburst as:
LX, transient = ηbol×min
[
2× LEdd,
(
GMAM˙D
RA
1
DC
)]
(4)
As noted in Fragos et al. (2008) (which in turn uses
the results of Dobrotka et al. (2006)), the general behav-
ior of DC can be expressed in terms of known parameters
as
DC =
(
M˙D
M˙crit
)2
(5)
11
Figure 9. Cumulative distribution function of time of
mass-transfer onset for all BH–MTBs (black) and NS–MTBs
(blue).
allowing us to re-write Equation (4) as
LX, transient = ηbol×min
[
2×LEdd,
(
GMAM˙
2
crit
RAM˙D
)]
(6)
Given the orbital parameters, including the mass-
transfer rate, of our ejected MTBs at the present day,
we use this method to determine whether or not each
system is persistent or transient, in the case of transient
systems, determine the duty cycle, and calculate X-ray
luminosities.
5.1. X-ray features of ejected systems at present day
First, we assume, as in Section 4, that all clusters are
12 Gyr old and integrate all ejected MTBs from teject
to 12 Gyr to determine the orbital parameters of the
binaries at the present day.
Figure 8 shows the distribution of DC for all binaries
at 12 Gyr. The left-hand panel shows the distribution
for BH–MTBs and the right-hand panel, NS–MTBs. At
12 Gyr, none of the ejected sysems are observed as per-
sistent X-ray sources. Only 4 of the 288 NS–MTBs and
0 of the 175 BH–MTBs have a DC ≥ 0.01.
These low duty cycles are primarily a consequence of
the fact that most systems start mass-transferring a few
Gyr or less after the birth of their host cluster, which
means by late times, when these systems would poten-
tially be observed, the mass-transfer rates have fallen
significantly. Figure 9 shows the CDF of the time of
mass-transfer onset for the ejected MTBs. BH–MTBs
and shown on the left and NS–MTBs on the right. 36%
(63 out of 175) of all BH–MTBs and 59% (171 out of
288) of all NS–MTBs begin mass transfer before t = 1
Gyr.
In order to generate a larger sample of X-ray ob-
servable systems, we calculate the DC of each sys-
Figure 10. Comparison of model GCs (blue) with observed
MW GCs (black) in rc/rh–mass space. The grid lines show
the bins used in weighting scheme.
Figure 11. Same as Figure 10, but in rc − rh plane.
tem at seven different observations between 9 and 12
Gyr, spaced 0.5 Gyr apart, as in Section 4. Tables 1
and 2 show the orbital parameters for all BH–XRBs
and NS–XRBs, respectively, which are observed with
DC ≥ 0.01 for any of the six observation times. Note
that DC = 0.01 is chosen as an arbitrary lower limit in
order to select a small set of characteristic systems for
which we can show orbital parameters.
5.2. Estimating the number of dynamically-formed
LMXBs in the MW
In order to estimate the total number of dynamically-
formed LMXBs in the MW at the present day, we use
two different weighting schemes to weight our GC mod-
els according to how well they match observed MW GCs.
For the first weighting scheme, we use a method sim-
ilar to Rodriguez et al. (2015) and compare our model
GCs to the observed MW GCs (from Harris 1996 (2010
edition)) in the rc/rh–mass plane (rc and rh are the
observed core radius and half-light radius, respectively).
Figure 10 shows the comparison of our model GCs (blue)
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Table 1. BH–XRB orbital parameters.
tobs teject tMT Comp. type MBH Mcomp a M˙D DC LX
(Gyr) (M) (AU) (M yr−1) (erg s−1)
9.0 7.89 7.89 MS 14.17 0.05 0.0095 4.39× 10−11 0.02 7.87× 1037
9.0 8.73 8.73 MS 20.38 0.05 0.01 4.47× 10−10 0.01 1.12× 1038
9.0 8.78 8.80 MS 13.88 0.35 0.01 1.01× 10−9 1.0 1.15× 1037
9.0 8.72 8.72 MS 13.33 0.21 0.0076 7.12× 10−10 1.0 8.10× 1036
9.5 3.89 9.32 MS 11.62 0.33 0.0092 7.59× 10−10 1.0 8.63× 1036
9.5 8.78 8.81 MS 14.18 0.05 0.0093 5.17× 10−11 0.02 5.94× 1037
9.5 9.1 9.1 MS 13.65 0.45 0.013 5.66× 10−10 0.82 1.95× 1037
10.0 6.6× 10−3 9.82 MS 10.11 0.11 0.0044 1.62× 10−9 1.0 1.84× 1037
10.0 3.89 9.32 MS 11.9 0.05 0.0086 5.14× 10−11 0.03 4.91× 1037
10.0 8.1× 10−3 9.94 MS 6.68 0.1 0.0043 8.74× 10−10 1.0 9.94× 1036
10.0 9.1 9.1 MS 13.94 0.16 0.007 5.92× 10−10 1.0 6.74× 1036
11.0 0.5 10.68 MS 18.28 0.05 0.0094 1.19× 10−10 0.15 2.20× 1037
11.0 10.8 10.83 MS 17.52 0.05 0.0099 5.88× 10−11 0.03 5.68× 1037
11.0 10.75 10.75 MS 14.72 0.26 0.0087 7.68× 10−10 1.0 8.74× 1036
11.5 6.8× 10−3 11.09 MS 9.56 0.05 0.0084 3.17× 10−11 0.01 8.92× 1037
Note—Orbital parameters for all BH–MTBs with DC ≥ 0.01 measured at all seven observations times from
9 − 12 Gyr. tobs denotes the time of observation and tMT denotes the time mass-transfer begins for each
binary.
to observed MW clusters (black) in this scheme. Struc-
tural parameters for the model clusters are calculated at
t = 12 Gyr. To determine masses of observed GCs, we
use absolute visual magnitudes from Harris 1996 (2010
edition) and obtain cluster mass by assuming a mass-to-
light ratio of 2 and a constant bolometric correction of
-0.107 (bolometric correction for the sun) for all models.
For the second weighting scheme, we compare our
model GCs to the observed MW GCs in the rc–rh plane.
Figure 11 shows the comparison of our model GCs (blue)
to observed MW clusters (black) in this scheme.
For each scheme, the model and observed clusters are
binned into a 10 × 10 grid. Each model cluster is then
given a weight according to:
weight i =
N obsi
N modeli
(7)
where N obsi and N
model
i are the number of observed
clusters and model clusters in the ith bin, respectively.
After applying each weighting scheme, we re-scale the
total mass of all (weighted) GCs to match the total mass
of the observed MW GC system, which is determined
from Harris 1996 (2010 edition) to be ∼ 3.4× 107M.
These schemes are applied at each of the seven ob-
servation times between 9 and 12 Gyr discussed in Sec-
tion 5.1. Assuming all observation times from 9–12 Gyr
are equally likely, we estimate, using the first weighing
scheme, 186 BH–MTBs and 328 NS–MTBs may exist at
present within the MW that were formed in GCs. Using
the methods of Section 5 to place cuts on these totals
based on the duty cycles of these systems at the time
of observation, we estimate 1.0 and 5.4 of these systems
will be observable at the present day as BH–XRBs and
NS–XRBs, respectively.
Using the second weighting scheme, we estimate 181
BH–MTBs and 272 NS–MTBs may exist at present
within the MW that were formed in GCs. After placing
cuts on these totals based on the X-ray observability of
systems, we estimate 1.2 and 4.2 of these systems will
be observable at the present day as BH–XRBs and NS–
XRBs, respectively.
To date, several hundred LMXBs have been observed
in the MW (e.g., Liu et al. 2007). It has been shown
that this observed population constitutes a small frac-
tion of the total number of LMXBs in the galaxy, which
may be as high as ∼ thousands (e.g., van den Heuvel
2001; Corral-Santana et al. 2016). Therefore, we con-
clude that MTBs formed in and ejected from GCs are
unlikely to contribute significantly to the population of
field XRBs.
6. CONCLUSION
We have explored the population of mass-transferring
binaries ejected from globular clusters with both BH and
NS accretors. We have demonstrated using a set of 137
globular cluster models of varying cluster properties that
such systems can be ejected from clusters with white
dwarf, main sequence, and giant donors and can have a
wide range of orbital parameters.
We calculated the orbits of these ejected systems in
the Galactic potential to determine the present-day po-
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Table 2. NS–XRB orbital parameters.
tobs teject tMT Comp. type MNS Mcomp a M˙D DC LX
(Gyr) (M) (AU) (M yr−1) (erg s−1)
9.0 8.67 8.69 MS 1.65 0.28 0.0052 1.27× 10−10 0.38 4.61× 1036
9.5 8.67 8.69 MS 1.72 0.22 0.0047 1.17× 10−10 0.5 3.39× 1036
9.5 9.43 9.43 WD 1.31 0.02 0.0016 7.38× 10−11 0.33 2.47× 1036
9.5 9.17 9.31 WD 1.31 0.02 0.0019 2.82× 10−11 0.02 1.35× 1037
9.5 9.39 9.39 WD 1.31 0.02 0.0017 5.02× 10−11 0.11 4.88× 1036
10.0 8.68 8.69 MS 1.77 0.16 0.004 1.13× 10−10 0.89 1.88× 1036
10.5 8.68 8.69 MS 1.85 0.09 0.0034 1.60× 10−10 1.0 1.36× 1036
10.5 10.35 10.35 WD 1.3 0.02 0.0019 3.42× 10−11 0.04 9.48× 1036
11.0 8.68 8.69 MS 1.87 0.06 0.0046 2.11× 10−11 0.02 2.00× 1037
11.0 10.87 10.89 WD 1.26 0.02 0.0018 4.25× 10−11 0.07 6.07× 1036
11.0 8.22 10.56 MS 1.54 0.29 0.0054 1.00× 10−10 0.19 6.83× 1036
11.0 10.78 10.78 WD 1.31 0.02 0.002 2.44× 10−11 0.02 1.74× 1037
11.0 10.83 10.83 WD 1.31 0.02 0.0019 3.12× 10−11 0.03 1.13× 1037
11.5 11.38 11.38 MS 1.42 0.42 0.0062 2.09× 10−9 1.0 1.38× 1037
11.5 11.46 11.46 WD 1.28 0.03 0.0014 1.37× 10−10 1.0 8.09× 1035
11.5 8.22 10.56 MS 1.58 0.24 0.0051 9.16× 10−11 0.21 5.81× 1036
11.5 11.46 11.46 WD 1.3 0.03 0.0014 1.46× 10−10 1.0 8.75× 1035
12.0 11.38 11.38 MS 1.57 0.27 0.0053 9.19× 10−11 0.17 6.98× 1036
12.0 11.88 11.88 WD 1.31 0.02 0.0018 4.37× 10−11 0.08 6.24× 1036
12.0 0.02 11.68 G 2.21 0.28 0.0086 5.52× 10−11 0.01 1.01× 1038
12.0 8.22 10.56 MS 1.63 0.2 0.0046 8.17× 10−11 0.23 4.75× 1036
Note—Same as Table 1 but for NS–XRBs.
sitions of these systems in the galaxy and compared to
the distribution of observed XRBs in the Milky Way.
We have shown that, as a result of the early ejection
times and high escape velocites of these systems, most
will be far (several kpc) from their host cluster by the
time they are observed, meaning they are unlikely to be
spatially associated with their host cluster.
Additionally, we have calculated the X-ray luminosi-
ties and duty cycles of these ejected mass-transferring
binaries. We have shown that, as a result of the early
mass-transfer-onset times for these binaries, most of
these systems will have low duty cycles at the present
day, and are unlikely to be observed as X-ray sources.
We estimate ∼ 300 mass-transferring NS binaries and
∼ 180 mass-transferring BH binaries that formed dy-
namically in GCs may exist at present within the MW
halo. Of these, we estimate, based on mass-transfer
rates and duty cycles at the present time, at most a
few would observable as BH–XRBs and NS–XRBs. The
total number of dynamically formed XRBs found in this
study is unlikely to contribute significantly to the total
number of low-mass X-ray binaries in the galaxy.
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APPENDIX
Table 3. List of model properties for all globular cluster models
No. N rG wo fb Z rv BH-formation kick High Mass Binaries IMF range Winds NBH−MTB NNS−MTB
(105) (kpc) (pc)
σBH
σNS
FB fb,high q range
dn
d log P
1 10 8 5 0.1 0.001 1 1.0 n 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 13
2 2 20 5 0.1 0.0002 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 1
3 2 20 5 0.1 0.0002 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 1
4 5 20 5 0.1 0.0002 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 2
5 5 20 5 0.1 0.0002 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 2 1
6 10 20 5 0.1 0.0002 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 3 3
7 10 20 5 0.1 0.0002 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 2 2
8 20 20 5 0.1 0.0002 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 2 4
9 20 20 5 0.1 0.0002 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 4 3
10 2 2 5 0.1 0.005 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 1 1
11 2 2 5 0.1 0.005 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 2
12 5 2 5 0.1 0.005 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 2
13 5 2 5 0.1 0.005 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 2
14 10 2 5 0.1 0.005 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 2
15 10 2 5 0.1 0.005 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 2
16 20 2 5 0.1 0.005 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 2
17 20 2 5 0.1 0.005 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 3 5
18 2 8 5 0.1 0.001 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 0
19 2 8 5 0.1 0.001 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 0
20 5 8 5 0.1 0.001 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 1 1
21 5 8 5 0.1 0.001 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 1 1
22 10 8 5 0.1 0.001 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 2
23 10 8 5 0.1 0.001 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 1 2
24 20 8 5 0.1 0.001 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 1 2
25 20 8 5 0.1 0.001 1 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 5 2
26 2 20 5 0.1 0.0002 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 0
27 2 20 5 0.1 0.0002 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 1
28 5 20 5 0.1 0.0002 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 1 1
29 5 20 5 0.1 0.0002 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 1
30 10 20 5 0.1 0.0002 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 1 0
31 10 20 5 0.1 0.0002 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 1 1
32 20 20 5 0.1 0.0002 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 1
33 20 20 5 0.1 0.0002 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 1
34 2 2 5 0.1 0.005 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 0
35 2 2 5 0.1 0.005 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 0
36 5 2 5 0.1 0.005 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 2 1
37 5 2 5 0.1 0.005 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 2
38 10 2 5 0.1 0.005 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 2
39 10 2 5 0.1 0.005 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 1 3
40 20 2 5 0.1 0.005 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 8
41 20 2 5 0.1 0.005 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 5
42 2 8 5 0.1 0.001 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 0
Table 3 continued
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Table 3 (continued)
No. N rG wo fb Z rv BH-formation kick High Mass Binaries IMF range Winds NBH−MTB NNS−MTB
(105) (kpc) (pc)
σBH
σNS
FB fb,high q range
dn
d log P
43 2 8 5 0.1 0.001 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 0
44 5 8 5 0.1 0.001 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 1
45 5 8 5 0.1 0.001 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 2
46 10 8 5 0.1 0.001 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 1
47 10 8 5 0.1 0.001 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 1 0
48 20 8 5 0.1 0.001 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 1 6
49 20 8 5 0.1 0.001 2 1.0 y 0.1 0.1/mp, 1 P
0 [0.1, 100] W 0 2
50 1 4.6 5 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 3 0
51 2.4 4.6 5 0.05 0.00055 0.8 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 5 0
52 2.4 4.6 5 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 1 0
53 2.6 4.6 3 0.05 0.00055 0.8 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 2 0
54 2.6 4.6 4.5 0.05 0.00055 0.8 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 0 0
55 2.6 4.6 4.8 0.05 0.00055 0.8 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 3 0
56 2.6 4.6 4 0.05 0.00055 0.8 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 3 0
57 2.6 4.6 5 0.05 0.00055 0.8 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 7 1
58 2.6 4.6 5 0.05 0.00055 1.2 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 3 0
59 2.6 4.6 5 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 2 0
60 2 4.6 5 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 0 0
61 3.25 4.6 5 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 5 1
62 3.5 4.6 4 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 1 0
63 3.5 4.6 5 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 2 0
64 3.75 4.6 4 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 1 2
65 3.75 4.6 5.5 0.05 0.00055 0.8 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 6 0
66 3.75 4.6 5 0.05 0.00055 0.8 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 5 1
67 3.75 4.6 5 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 1 2
68 3.75 4.6 6 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 4 1
69 3.8 4.6 5.1 0.05 0.00055 0.9 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 3 1
70 3.8 4.6 5.2 0.05 0.00055 0.85 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 5 1
71 3 4.6 4 0.05 0.00055 2 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 1 0
72 3 4.6 5 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 1 0
73 4 4.6 5 0.05 0.00055 0.8 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 3 0
74 4 4.6 5 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 1 0
75 4 4.6 6 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 4 1
76 6 4.6 4 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 1 0
77 6 4.6 5 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 0 0
78 6 4.6 6 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 1 2
79 8 4.6 5 0.05 0.00055 1 1.0 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 1 0
80 8 8 5 0.05 0.001 2 1 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 0 3
81 8 8 5 0.05 0.001 2 1 n 0.05 0.1/mp, 1 P
0 [0.1, 100] S 0 10
82 8 8 5 0.05 0.001 2 0.1 n 0.05 0.1/mp, 1 P
0 [0.1, 100] S 0 3
83 8 8 5 0.05 0.001 2 0.01 n 0.05 0.1/mp, 1 P
0 [0.1, 100] S 0 2
84 8 8 5 0.05 0.001 2 1 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 0 0
85 8 8 5 0.05 0.001 2 1 n 0.05 0.1/mp, 1 P
0 [0.1, 100] S 0 3
86 8 8 5 0.05 0.001 2 0.1 n 0.05 0.1/mp, 1 P
0 [0.1, 100] S 0 2
87 8 8 5 0.05 0.001 2 0.01 n 0.05 0.1/mp, 1 P
0 [0.1, 100] S 0 1
88 8 8 5 0.05 0.001 2 1 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 0 0
89 8 8 5 0.05 0.001 2 0.1 n 0.05 0.1/mp, 1 P
0 [0.1, 100] S 0 4
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Table 3 (continued)
No. N rG wo fb Z rv BH-formation kick High Mass Binaries IMF range Winds NBH−MTB NNS−MTB
(105) (kpc) (pc)
σBH
σNS
FB fb,high q range
dn
d log P
90 8 8 5 0.05 0.001 2 0.01 n 0.05 0.1/mp, 1 P
0 [0.1, 100] S 1 1
91 8 8 5 0.05 0.001 2 1 y 0.7 [0.6, 1] P−0.55 [0.1, 100] S 0 1
92 8 8 5 0.05 0.001 2 1 n 0.7 [0.6, 1] P−0.55 [0.1, 100] S 0 1
93 8 8 5 0.05 0.001 2 0.1 n 0.7 [0.6, 1] P−0.55 [0.1, 100] S 0 2
94 8 8 5 0.05 0.001 2 0.01 n 0.7 [0.6, 1] P−0.55 [0.1, 100] S 0 0
95 8 8 5 0.05 0.001 2 1 y 0.05 0.1/mp, 1 P
0 [0.1, 100] S 2 2
96 8 8 5 0.05 0.001 2 1 n 0.05 0.1/mp, 1 P
0 [0.1, 100] S 0 3
97 8 8 5 0.05 0.001 2 0.01 n 0.05 0.1/mp, 1 P
0 [0.1, 100] S 0 1
98 8 8 5 0.05 0.001 2 0.01 n 1 [0.1/mp, 1] P
0 [0.1, 100] S 0 1
99 8 8 5 0.05 0.001 2 0.01 n 0 − − [0.1, 100] S 2 2
100 8 8 5 0.05 0.001 2 1 y 0.7 [0.6, 1] P−0.55 [0.1, 100] S 0 1
101 8 8 5 0.05 0.001 2 1 n 0.7 [0.6, 1] P−0.55 [0.1, 100] S 0 2
102 8 8 5 0.05 0.001 2 0.1 n 0.7 [0.6, 1] P−0.55 [0.1, 100] S 0 2
103 8 8 5 0.05 0.001 2 0.01 n 0.7 [0.6, 1] P−0.55 [0.1, 100] S 0 1
104 8 8 5 0.05 0.001 2 1 y 0.7 [0.6, 1] P−0.55 [0.1, 100] S 0 1
105 8 8 5 0.05 0.001 2 1 n 0.7 [0.6, 1] P−0.55 [0.1, 100] S 0 1
106 8 8 5 0.05 0.001 2 0.01 n 0.7 [0.6, 1] P−0.55 [0.1, 100] S 0 0
107 8 4 5 0.05 0.001 2 1 y 0.7 [0.6, 1] P−0.55 [0.1, 100] S 0 2
108 8 4 5 0.05 0.001 2 1 n 0.7 [0.6, 1] P−0.55 [0.1, 100] S 0 1
109 8 8 5 0.05 0.001 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 3 2
110 8 8 5 0.05 0.001 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 1 1
111 8 8 5 0.05 0.001 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 1 2
112 8 8 5 0.05 0.001 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 0 4
113 8 8 5 0.05 0.001 1 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 4 2
114 2 8 5 0.05 0.001 1 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 6 4
115 2 8 5 0.05 0.001 1 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 5 2
116 2 8 5 0.05 0.001 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 1 2
117 2 8 5 0.05 0.001 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 2 0
118 2 8 5 0.05 0.001 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 2 0
119 2 8 5 0.05 0.001 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 5 2
120 2 8 5 0.05 0.001 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 0 3
121 2 8 5 0.05 0.001 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 2 0
122 8 8 5 0.05 0.001 1 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 5 1
123 8 8 5 0.05 0.001 2 1 y 0.05 [0.1/mp, 1] P
0 [0.1, 100] W 1 1
124 8 8 5 0.05 0.005 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 1 3
125 8 8 5 0.05 0.005 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 0 2
126 8 8 5 0.05 0.005 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 2 0
127 8 8 5 0.05 0.005 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 1 4
128 8 8 5 0.05 0.005 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 0 2
129 8 8 5 0.05 0.0001 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 2 18
130 8 8 5 0.05 0.0001 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 3 24
131 8 8 5 0.05 0.0001 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 0 20
132 8 8 5 0.05 0.0001 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 0 17
133 8 8 5 0.05 0.0005 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 2 2
134 8 8 5 0.05 0.0005 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 2 1
135 8 8 5 0.05 0.0005 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 6 1
136 8 8 5 0.05 0.0005 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 2 1
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Table 3 (continued)
No. N rG wo fb Z rv BH-formation kick High Mass Binaries IMF range Winds NBH−MTB NNS−MTB
(105) (kpc) (pc)
σBH
σNS
FB fb,high q range
dn
d log P
137 8 8 5 0.05 0.0005 2 1 y 0.05 [0.1/mp, 1] P
0 [0.08, 150] W 0 1
Note—Relevant properties of all GC models used in this study. Each initial parameter is described in Section 2.1. The final two columns show the
total number of mass-transferring BH binaries (NBH−MTB) and mass-transferring NS binaries (NNS−MTB) ejected from each model by 12 Gyr.
.
